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Abstract: This paper presents the recent results of experimental investigations under dynamic 
loading aimed at disclosing the loading rate effect (mainly related to seismic loading range) on 
crack propagation in quasi-brittle fracture. Twenty four wedge-splitting tests were conducted using 
a servo-hydraulic machine under loading rates ranged from 10-3 mm/s to 101 mm/s. Strain gauges 
were mounted along the ligament of the specimen to measure the crack velocity and the crack 
propagation. Extensometers were arranged to obtain the P-CMOD curves and P-CTOD curves. 
Though transient, the stage of stable process of crack propagation observed in the experiments 
could not be ignored compared to the entire loading procedure. And the crack tended to propagate 
along one dominant line at the mentioned loading rates. In order to predict the crack propagation for 
cracked quasi-brittle materials under dynamic loading, a new double-K criterion in which the 
concepts of dynamic fracture mechanics were taken into account was proposed based on 
experimental investigations. 
 
 

1 INTRODUCTION 
Dynamic loading on concrete structures 

arising from earthquakes is a topic of great 
practical concern. Researches during the last 
three decades have shown that the rate 
dependency of the concrete strength tends 
from a moderate rate dependency to excessive 
rate effects at high loading rates [1–6]. In 
comparison to other rate dependent materials, 
concrete exhibits its rate dependency at 
relatively low loading rates because of a 10-3 
m length scale of the heterogeneity [7, 8]. It 
has been confirmed by studies [9-23] that the 
time-dependence is caused by three different 

effects [1, 25~31, 7] (1) the rate dependent 
bond-breakage process which produces the 
fracture surfaces, (2) the viscous behaviour of 
the bulk material between the cracks and (3) 
the inertia effect in the neighbourhood of the 
crack tip, which can significantly change the 
state of stresses and strains of the material. As 
far as the seismic loading rate (ranged from 10-

4s-1 to 10-1s-1) is concerned, the total resistance 
is controlled by the first two effects [25, 31-
33]. During past decades, several fracture 
models for concrete were proposed to predict 
the crack propagation and to reflect the 
influence of the fracture process zone(FPZ) on 
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fracture characteristics of concrete materials, 
like the fictitious crack model (FCM) by 
Hillerborg et al. (1976)[34], the crack band 
model (CBM) by Ba ant and Oh (1983)[35], 
the two parameter fracture model (TPFM) by 
Jenq and Shah (1985)[36], the effective crack 
model (ECM) by Karihaloo and Nallathambi 
(1990)[37] and Swartz and Refai (1987)[38], 
the size effect model (SEM) by Ba ant, Kim 
and Pfeiffer (1986)[39], and the double-K 
model by XU and Reinhardt[40-41]. However, 
relative little experimental data with the 
fracture criterion is available for concrete 
under seismic loading.  

In order to understand characterization of 
the fracture behaviour of concrete under this 
particular condition which is important for the 
design and analysis of a variety structures of 
civilian and military especially the large scale 
hydraulic structures, experiments covering the 
desired loading rates of five orders of 
magnitude (from 10-3 mm/s to 101 mm/s) were 
carried out on a servo hydraulic machine. 
There are four commonly used methods for 
fracture test:(1) direct tension test, (2) three-
point bend test on notched beams(TPB), (3) 
compact tension test(CT), and(4) wedge-
splitting test(WS). In this paper, wedge-
splitting test was selected as the examining 
method due to its distinct advantages such as 
no self-weight involved (counterbalanced by 
the supports), and enhancing the stiffness of 
the testing machine (by properly selecting the 
wedge angle)[42]. Strain-gauge technology 
was adopted to measure the crack-propagation 
velocity since it appears to be relatively stable 
for variety of loading rates [16, 17, 41, 42, 43] 
compared to high-speed photography [45-47] 
and acoustic emission [44]. The methodology 
of double-K criterion [40-42] which had been 
confirmed in static loading range was 
employed, whilst concepts of dynamic fracture 
mechanics were included into the former for 
the first time to describe the rate dependent 
fracture behaviour in the experiment. 
Emphasis was laid on the fact whether the 
toughening phenomenon in the post-crack 
stage that had been confirmed in the static 
condition was still nonnegligible in the seismic 

loading range in the present paper. In the rest 
part of this paper the experimental procedure 
is described first. Subsequently, observations 
on crack velocities and P-CMOD curves are 
presented and discussed. Finally, summary and 
conclusions are drawn out. 

2 EXPERIMENTAL PROCEDURE  

2.1 Scope of test  
24 wedge-splitting tests were performed 

under five loading rates ranged from quasi-
static level to stain rate dependent level in 
Research and Teaching Laboratory for Civil 
and Hydraulic Engineering of Zhejiang 
University. The aim of these tests is to study 
the loading-rate effect on the characteristics of 
crack propagation in quasi-brittle fracture 
under loading rate related to seismic range, 
and then attempts were made to provide an 
accurate and simple enough description of 
crack propagation in quasi-brittle fracture 
based on the experimental results.  

2.2 Geometry and fabrication of specimens 
The wedge-splitting specimens were 

denoted in Figure 1 and the dimensions are 
shown in Table 1. The pre-cast notch in a 
specimen was made by inserting in the mold a 
greased 3mm-thick steel blade with a wedge-
shaped angle of 15° at its tip. One day after 
casting the specimen, the steel blade was 
carefully loosed from the mold without 
damaging initial crack tip of the specimen.  

All of the specimens were cast in steel 
molds, vibrated by a vibrating table, wrap 
cured for 24 hours. The cubes 
( 150150150 ×× mm3) for the standard 
compressive and splitting tests were stored in 
water until testing at an age of 28 days. The 
wedge-splitting test specimens and the 
prisms( 5060250 ×× mm3) for direct tensile 
tests however, were first cured in water for 90 
days and subsequently in the laboratory (20°C, 
60% RH) until testing at 400 ± 20 days after 
casting. 
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Figure 1: Geometry of a wedge splitting test specimen. 
 

2.3 Material characterization 
The compositions of the adopted concrete 

together with the results of standard 28-day 
quasi-static tests are listed in Table 2. The 
quasi-static properties were determined by 
tests performed with a universal testing 
machine at a strain rate of 10-5/s. The 
material’s characteristics of dynamic fracture 
mechanics are also listed in Table 2. 

  
Table 2:  Quasi-static properties of concrete tested 

Mix proportions (kg/m3) 
Portland cement 207.08 
Sand 0-2mm 722.10 
Gravel 8-10mm 298.25 
Water 81.42 
Static properties  Coefficient of variation 
Density, ρ   2370 kg/m3   1% 
Young’s modulus,  E (tension 400 ± 20 days) 3.062 e4   6.9% 
Compressive strength,  fc (28days) 34.98  MPa 6.3% 
Direct tensile strength,  ft (400 ± 20 days) 3.61   MPa 7.7% 
Splitting strength,  fpt (28days) 2.32   MPa 7.1% 
Poisson’s ratio, υ（assumed value） 0.2  - 
Specific fracture energy GF 59.629 N/m 8% 

Longitudinal wave speed 
)21)(1(

)1(
ννρ

ν
−+

−
=

EvL
  3788.85 m/s - 

Shear wave speed 
)1(2 νρ +

=
Evs

     2320.19 m/s - 

Rayleigh wave speed 
)1(

)14.1862.0(
ν

ν
+

+
= s

R
vv   2107.50 m/s - 

characteristic length lch 141.1 mm - 
characteristic time tch

 
37.2 s - 

 

2.4 Testing equipment  
The wedge-splitting tests under position 

control were performed on a closed-loop 
electro-hydraulic loading machine of 1000 KN 

capacity in tension and compression with 
precision of 0.1 %( see Figure 2). For the sake 
of comparison, four specimens were tested at 
the quasi-static level (1.2 × 10-3 mm/s). Four 
rate dependent loading rates（1.2× 10-2mm/s, 
0.12mm/s, 1.2mm/s and 12mm/s) were applied. 

Table 1.  Dimensions of a wedge splitting test specimen 
h 

(mm) 
b 

(mm) 
B 

(mm) 
f 

(mm) 
c 

(mm) 
e 

(mm) 
a0 

(mm) 
200 200 200 30 75 50 80 
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Five specimens were tested at each of these 
four loading rates. Two extensometers with an 
accuracy of 0.1% were used. One was 
amounted to measure the crack mouth opening 
displacement （ CMOD） . The other was 
arranged for the opening displacement at the 
crack tip（CTOD）. In order to observe the 
time at which the crack tip of the FPZ transited, 
12 strain gauges (M1-M6 and B1-B6, 20mm in 
length and 5 mm in width) were bonded to the 
polished specimen surface. Since a running 
crack in concrete is often deflected by 
aggregates along its path, 6 gauges were 
bonded in the middle column along the axis of 
the initial crack line with a distance of 20 mm 
between each neighboring gauge, and the other 
6 gauges were bonded along the axis 20 mm 
away from the initial crack line in the same 
way. All test data were collected through auto 
data acquisition system synchronously with 
the sample rate set at 10 kHz. 

Figure 2： Wedge splitting test setup: (a) View of the 
testing equipment, (b) transmission device and supports 
for the wedge splitting test, (c) an arranged specimen 
with gauges. 

 

3 THE EXPERIMENTS AND RESULTS 

3.1 Fracture configuration 
According to theoretical and experimental 

investigations available, as well as numerical 
studies, failure mode, crack pattern and 
velocity of the crack propagation are 
influenced by the loading rate [25,32-
34,50,51]. Principally, with increase of loading 
rate failure mode tends to change from mode-I 
to mixed mode [52]. It's the inertia force that 
plays the most significant role in these changes, 
since it homogenizes material in the fracture 
process zone and reduces crack to move away 
from the zone of high inertia forces. In the 
case of the loading rates that the present paper 
refers to (within low and moderate loading 
range), mode-I failure could be reasonable. 
And the fracture configuration observed in the 
experiment confirmed the above point of view. 
And in every wedge splitting test carried out at 
each of the five loading rates, the crack tended 
to propagate along one dominant line, see 
Figure 3 for the typical trace of the crack 
propagation.  

     
(a) the front.                       (b) the rear. 

Figure 3：  Typical crack trace of the specimens 

 
 

         
(a)                                              (b)  

Figure 4:  Typical fracture sections: 
(a) rate dependent level: 0.012 mm/s ~ 12mm/s 
(b) quasi-static level: 0.0012 mm/s 
 

By contrast the fracture sections obtained at 
the rate dependent levels with the ones 
obtained at quasi-static level shown in Figure 

a. 

load cell

linear supports

wedging device

steel platen

roller bearings

F

specimen

clip for openning 
displacement

 
b. 

  
c. 
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4, it is obvious that when the loading rate 
ranged from 0.012 mm/s to 12mm/s (ranged 
from the magnitude of 10-4 /s to 10-1/s ) almost 
all of the large aggregates in the fracture 
section were split, while for the loading rate of 
0.0012 mm/s ( at the magnitude of 10-5/s), a 
portion of the large aggregates were split and 
most aggregates were bypassed, namely, the 
failure tended to take place at the interface. 
Such difference would lead to higher energy 
consumption for the rate dependent ones than 
the quasi-static ones, what is later confirmed 
by the P-CMOD curves. 

 

3.2 Crack velocity and crack initiation 
The crack velocity refers to the speed in 

which the initiated cohesive crack tip will 
propagate. When the crack initiates, an 
unloading stress wave is generated. So the 
strain-gauge technology which is relatively 
straight forward was employed to capture the 
sudden decrease of stress. The stain gauges 
arranged along the initial crack line were 
named as M1 to M6 respectively, and the ones 
along the axis 20mm from the initial crack line 
were named as B1 to B6 respectively. When 
the crack propagates along or bypasses a 
certain gauge the strain tends to changed 
abruptly. The transformation of the stress with 
time could be reflected clearly by the strain 
history of M1 to M6. The time interval that the 
stress wave transferred from the crack line to 
gauge B1 to B6 could be ignored in that the 
stress wave speed is much greater than the 
velocity of crack propagation[48]. Thus the 
time of peak strain of each gauge from B1 to 
B6 could well reflect the time when the crack 
propagated at each loading rate. The average 
crack-velocity was obtained through dividing 
the distance between two neighboring strain 
gauges (20mm) by the time interval across the 
two corresponding peak signals. The time 
when the crack initiated was determined by the 
point B1 reached its peak value; meanwhile 
the P- ε  curves of M1 began to show its 

remarkable nonlinearity which was later given 
in Figure 5.  

Combining the strain histories of the 
different six strain gauges in one row, the 
average strain rates and crack velocities were 
obtained in Table 3. When calculating the 
average pre-peak strain rates(

•

ε ) of B2 to B6 
at each loading rate, the amount of time of one 
strain gauge was added up by the summation 
of all the time intervals above it.  

It is shown in Table 3 that for the strain 
gauges of the same position the crack 
velocities tend to have an obvious increase 
along with the loading rate, even five orders of 
magnitude when the loading rate (

•

ε ) varies 
from 10-5s-1 to 10-1s-1. This remarkable 
variation indicates that for the low or moderate 
dynamic loading range, especially for the 
seismic loading rates, the rate dependence is 
significant and the crack velocity should be 
involved in the description of fracture process.  

For the static or quasi-static loading rate, 
excessive experimental investigations have 
shown that the fracture process in concrete 
structures includes three different stages: crack 
initiation, stable crack propagation and 
unstable fracture (or failure). This is also 
observed in the experiment of rate-dependent 
loading in this paper. In Table 3, it is obvious 
that the ratio of post-crack time to total loading 
time are very close for all the loading rate 
mentioned, which indicates that from the sense 
of time, similar to the quasi-static condition, 
the post-crack stage should not be ignored 
compared to the entire loading procedure for 
the rate dependent loading rates. Also, the 
crack velocities in Table 3 provide more visual 
support of the two stages after crack initiation: 
for the same loading rate, the crack velocities 
from B1 to B4 keep relatively stable, whereas 
the crack velocities of B5 and B6 show abrupt 
increase. That is to say after crack initiation 
which takes place when B1 reaches its peak 
stain, there is a stage of stable crack 
propagation from B1 to B4. And then from B5 
to B6, the unstable propagation of the crack 
begins which indicates the failure. 
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Table 3：  Crack velocity and strain rate in the experiment. 
 

Loading 
 rate 

•

d   
(mm/s) 

Total 
loading 
time(s) 

Ratio of 
post-
crack 

time to 
total time 

Gauge  
number 

Time of 
 peak strain 

(s) 

Time 
interval 

(s) 

crack 
velocity 

(m/s) 
Pre-peak

•

ε  
(s-1) 

12 0.624 0.119 B1 28.84800 0.5496 - 0.128146 
B2 28.86509 0.01709 1.170275 0.366103 
B3 28.90095 0.03586 0.557724 -0.17311 
B4 28.91011 0.00916 2.183406 0.170952 
B5 28.91502 0.00491 4.07332 0.162119 
B6 28.91699 0.001965 10.17812 0.087443 

1.2 4.5977 0.086 B1 5.645460 4.20236 - 12.29E-3 
B2 5.73200 0.08654 0.231107 35.06 E-3 
B3 5.82750 0.0955 0.209424 -17.67 E-3 
B4 6.02150 0.194 0.103093 19.49 E-3 
B5 6.04029 0.01879 1.064396 21.45 E-3 
B6 6.04271 0.00242 8.264463 10.84 E-3 

0.12 62.034 
 

0.059 B1 145.75996 58.37696 - 0.001026 
B2 148.41460 0.17766 0.112575 0.002955 
B3 149.28400 0.8694 0.023004 -0.00146 
B4 149.46166 0.17766 0.112575 0.001595 
B5 149.46395 0.00229 8.733624 0.000677 
B6 149.46604 0.00209 9.569378 0.000347 

0.012 455.82
6 
 

0.098 B1 552.1390 410.762 - 0.000126 
B2 577.68441 25.5454 0.000783 0.000276 
B3 596.84343 19.159 0.001044 -0.00032 
B4 597.36226 0.51886 0.038546 0.000226 
B5 597.67063 0.30837 0.064857 0.000288 
B6 597.67401 0.003381 5.91541 0.000133 

0.0012 
(quasi- 
static) 

12527 0.067 B1 26.47831 12500 - 6.75E-06 
B2 26.95172 0.4734 4.23E-05 2.59E-05 
B3 27.17816 0.22646 8.83E-05 -8.56E-06 
B4 27.25212 0.07394 0.000270 5.62E-06 
B5 27.27195 0.01985 0.001008 1.16E-05 
B6 27.27402 0.002071 0.009657 1.88E-06 

 

3.3 P-ε curves and P-CMOD curves  
P-ε curve is commonly utilized in research 

of concrete since it well represents the variation 

of strain field along with the load. In the 
investigation by John and Shah it was found 
that the starting point of the nonlinear segment 
of the load-time curve corresponded to such a 
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point of strain-time curve at which the strain 
began to rise rapidly [53]. Similar feature is 
detected in the rate-dependent experiment 
mentioned in this paper without exception. The 
typical curves of the loads versus the strains of 
M1 at each rate-dependent loading rate are 
given in Figure 5. The Pini defined as the load 
at which the crack initiated is determined by 
the points when the strain-time curves of M1 
and B1 started to vary abruptly. It is obvious in 
the P-ε  curves for the strain rates of 10-4s-1 to 
10-1s-1 that before the point of Pini the curves 
behave linear basically, whereas after this key 
point remarkable nonlinearity is present. It is 

also shown in the P-ε  curves that when the Pini 
is exceeded the bearing capacity of the 
specimen has a relatively large increase which 
is mostly caused by the viscous behavior of the 
bulk material between the cracks.  

Typical P-CMOD curves at each loading 
rate are presented in Figure 6 with experimental 
results of Pini and Pmax followed in Table 4, 
where the key point defined as Pini occurs at the 
starting point of the nonlinear segment of P-
CMOD curve, and the largest peak value 
defined as Pmax occurs corresponding to the 
maximum loading point at P-CMOD curve. 

     
(a) •

d =12 mm/s             (b) •

d =1.2 mm/s          (c) •

d =0.12 mm/s         (d) •

d = 0.012 mm/s      (e) •

d = 0.0012mm/s  
Figure 5: Typical P-ε  curves at each loading rate ( •

d )  

    
 (a) •

d =12 mm/s         (b) •

d =1.2 mm/s        (c) •

d =0.12 mm/s    (d) •

d = 0.012 mm/s      (e) •

d = 0.0012mm/s  
Figure 6: Typical P-CMOD curves at each loading rate ( •

d )           
 

 The complete curves indicate that the area 
under the P-CMOD curves which represent 
the energy consumed by the fracture process 
tended to increase with the loading rate. This 
coincides with the phenomenon disclosed in 
the fracture configuration shown in Figure 4. 
Partial enlarged details of P-CMOD curves 
show significant difference between linear 
segment and nonlinear segment which are 
distinguished by Pini. The collected results of 
Pini and Pmax are given in Table 4. It is 
noteworthy that, at each rate-dependent 
loading rate mentioned in the experiment, the 
nonlinear segment after Pini cannot be 
omitted since it is almost larger than 25% of 
the Pmax in magnitude. It means that for 
moderate dynamic loading range, there is 

Table 4.  Experimental results of Pini and Pmax 

 

Loading 

rate
•

d  
(mm/s) 

Pini detected 
by 

P-ε curve 
(KN) 

Pini detected 
by 

P-CMOD 
curve 
(KN) 

Pmax (KN) 

12 3.639(7%*) 3.485(6%*) 4.967(8%*) 
1.2 3.446(8%*) 3.182(5%*) 4.498(3%*) 
0.12 3.183(5%*) 2.957(3%*) 4.359(6%*) 
0.012 2.985(8%*) 2.728(7%*) 3.942(8%*) 
0.0012 
(quasi-
static) 

2.235(6%*) 2.056(5%*) 3.013(5%*) 

*denotes the coefficient of variation 
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also a segment of stable crack propagation after 
the crack initiation in which the bearing 
capacity keeps on growing considerably. In 
other words, the material tends to toughened 
after Pini. It demonstrates again the argument 
proposed by van Mier [54] that Crack bridges 
are formed at the final failure stage which has 
also been confirmed by in J. Weerheijm’s the 
dynamic research [55].  

The curves also show that both Pini and Pmax 
presented ascending tendency along with the 
loading rate. Moreover, the contribution of the 
nonlinear segment is somehow larger in the 
rate-dependent loading range than in the quasi-
static condition. The reason is the increase 
tendency of the tensile strength with the 
loading rate [56] which usually acts as the 
decisive factor in the fracture process for quasi-
brittle materials. This consequent increase of 
Pini and Pmax indicates that rate-dependency 
should be taken into account when describing 

the fracture behavior under low or moderate 
dynamic loading, especially the seismic loading.  

By contrast the P-CMOD curve with the P-
ε curve at each loading rate respectively, it can 
be seen that the Pini detected were very close, 
however the Pini in the former ones are 
somehow a bit smaller than the later, shown in 
Table 4. That is, the P-CMOD curve is a little 
more sensitive to the stable crack propagation 
than P- ε curve. This is because that both the 
stable crack propagation and the unstable 
fracture belong to a localized behavior of strain 
concentration in a structure and the crack 
mouth opening displacement is a local variable 
which is mainly affected by the crack opening. 
Thus the P-CMOD curve maybe a better choice 
when the crack initiation load Pini is to 
determined, while the P-ε curve maybe utilized 
as a relatively broad check. 

 

4 NEW DOUBLE-K CRITERION 
UNDER MODERATE DYNAMIC 
LOADING  

Incorporation with the aforementioned 
experimental results, it is evident that for strain 
rate ranged from 10-4s-1 to 10-1s-1, the fracture 
of concrete behaves the quasi-brittle 
characteristic. That is, for this strain rate range 
the fracture process of concrete covers three 
distinct stages: (1) the stage of primary elastic 
when the crack remains the original notch, (2) 
the stage of stable crack propagation beginning 
with the crack initiation, in which the bearing 
capacity keeps on growing considerably, (3) 
the stage of unstable crack propagation after 
the maximum load is reached in which the 
crack propagates at a velocity extremely larger 
than in the second stage, namely, the so called 
failure stage. This experimentally observed 
quasi-brittle fracture behavior is similar to the 
static or quasi-static condition. Thus, the 
methodology of double-K criterion [40-42] 
which has already been verified to well 
represent the fracture response of quasi-brittle 
materials like concrete for the static or quasi-
static condition is adopted. Likewise, the 
fracture process is described with the stress 

intensity factors, whereas concepts of dynamic 
fracture mechanics are employed and rate-
dependency is taken into account according to 
the experiment results. The stress intensity 
factors are denoted as   and   with the sub “d” 
to differentiate from the static condition for 
later discussion. 

In the first stage, both the material 
characteristic and the geometry configuration 
act as the original condition. Linear-elastic 
dynamic fracture mechanics principles are 
available. Thus the stress intensity factor 
history should take the form as follows: 

),,),(()( 0 hBatPKtK =  (1) 

Where,  

)(tP  denotes the applied load at an 
arbitrary time before crack initiation; 

 denotes the initial depth of the notch; 

B denotes the thickness of the specimen; 

h denotes the depth of the specimen. 

In the second stage, the length of the crack 
keeps on growing because of the crack 
propagation. And the nonlinear toughing 
phenomenon of the material in the field near 
the crack tip is onset along with the rate-
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dependent characteristic. The toughing stress 
intensity factor caused by the so called 
cohesive stress history between the crack 
surfaces could be expressed as such: 

)),(()()(
•

= εtaKvktK eId
coh
Id        (2) 

Where )),((
•

εtaK eId is the time related 
cohesive stress intensity factor in which )(tae  
denotes the effective crack length [41, 57, and 
58]. The factor )(vk  is a dimensional function 
of the material crack velocity v, and it is also 
related to the Rayleigh wave speed vR and the 
longitudinal wave speed vL of the material. 

Thus the stress intensity factor history in 
this stage should take the form as follows: 

ini
Id

coh
Id KtKtK += )()(  (3) 

Finally, the unstable stress intensity factor 
according to the dynamic fracture mechanics 
for a moving crack, takes the form as follows:  

dt
dt

tdpttvtakK unt

unLun
un
Id

)()(
)1(
)21(

))((2
0∫ −

−
−

=
•

υ
πυ

(4) 

 
Where υ  denotes the Poisson’s ratio; 

))(( tak
•

 is the universal function of crack tip 

speed as in equation (2), with )(ta
•

 denoting 
the derivative of the effective crack length 
ae(t); t0, tun denotes the original loading time 
and the unstable time respectively; )(tdp  
represents the infinitesimal magnitude of the 
applied load. 

The new double-K criterion for the 
moderate dynamic loading could be described 
briefly as follows: 

When 
ini
IdKtK <)( , the crack remains as original; 
ini
IdKtK =)( , the crack growth begins; 

un
Id

ini
Id KtKK << )( , the propagating crack 

develops steadily; 
un
IdKtK =)( , the unstable crack propagation 

is onset; 

un
IdKtK >)( , the crack propagates 

unsteadily. 
For a notched structure with an arbitrary 

geometrical configuration in practice, the 
stress intensity factor K (t) at the crack tip can 
be evaluated by an analytical solution, or a 
numerical approach using a finite element 
code. Thus for the structure of a given material, 
this new double-K fracture criterion for rate-
dependent loading （strain rate ranged from 
10-4s-1 to 10-1s-1) is available to determine the 
important issues like: whether the crack will 
grow or whether it will propagate steadily, 
which are of great significant for the safety 
judgment of special structures like dams and 
vessels of a nuclear reactor, especially under 
seismic loading.  

 

5 SUMMARY AND CONCLUSIONS  
In the present paper the rate-dependent 

fracture behavior of concrete concerning the 
seismic loading is studied through wedge-
splitting tests. The tests were performed on a 
closed-loop electro-hydraulic loading machine 
covering a wide range of loading rates, from 
10-3 mm/s to 101 mm/s. And strain-gauges and 
extensometers were employed to measure the 
strain and displacement of the crack opening. 
The methodology of double-K criterion is 
adopted incorporation with the concepts of 
dynamic fracture mechanics according to the 
experimental results. The following 
conclusions can be drawn. 

(1) For the strain rate ranged from 10-4s-1 to 
10-1s-1 the crack propagates along one 
dominant line. And higher energy 
consumption is needed for the higher loading 
rate; (2) the crack velocities have an obvious 
rate effect along with the loading rate and 
should be involved in the description of 
fracture process; (3) the fracture process for 
this loading range includes three different 
stages: elastic stage before the crack initiation, 
stable crack propagation and unstable fracture; 
(4) the material toughening phenomenon due 
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to the dynamic cohesive forces is remarkable; 
(5) the increase tendency of the tensile 
strength with the loading rate has a significant 
influence in the rate-dependent fracture; (6) 
the P-CMOD curve is a little more sensitive to 
the crack initiation load Pini than the P-ε curve, 
while the strain gauge technology is a good 
method of gaining the crack velocity. Finally, 
the new double-K criterion under the 
mentioned loading rate is proposed which is 
promising in the safety judgment of structures 
like dams and vessels of a nuclear reactor. 
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